Introduction
Macrophages are innate immune cells that are found resident in every tissue, with roles in tissue homeostasis, and response to infection or injury. The distinct functional roles of tissue macrophages are reflected in their transcriptional phenotypes: transcriptional atlases of tissueresident mouse macrophages, for example, have given great insight into their complexity and heterogeneity (Gautier et al., 2012; Gosselin et al., 2017) . Individual transcriptome studies have played an essential role in unravelling the importance of the environment on macrophage phenotype and function (reviewed by (Huang and Wells, 2014) ). These data evidence the shared molecular pathways of myeloid cells responding to pathogenic challenge, and the receptiveness of macrophages to environmental cues.
Much of our understanding of macrophage biology, including many of the molecular mechanisms of innate immune signaling, have arisen from mouse gene knock-out studies. However, cross-species comparisons of immune cells do highlight differences between mouse and man. These include the glycolytic switch associated with metabolic reprogramming in activated mouse macrophages (Vijayan et al., 2019) ; divergent patterns of pathogen receptor expression (Vijayan et al., 2012) and transcriptional responses to innate immune stimuli (Schroder et al., 2012) . Cross-species comparisons are further hampered by the absence of population level immune-activation maps, with most mouse studies in macrophage biology conducted on a limited number of inbred lines.
The need for improved molecular models of primary human cells is evident from the rising popularity of single cell transcriptomic atlases, exemplified by the human cell atlas consortium (Hay et al., 2018; Regev et al., 2017) . However, unbiased profiling of cells also requires computational predictions of cell identity, raising further questions about how best to accurately identify immune cell populations resident in tissues, and discriminate these from circulating or infiltrating peripheral blood cells. The isolation, and identification of tissue-resident myeloid cells can be particularly fraught if populations are rare or hard to isolate using enzymatic or other dissociation methods. These procedures can alter myeloid transcriptomes (Gosselin et al., 2017) , so resulting in underrepresentation or phenotypic ambiguity of resident macrophages in single cell maps of a tissue. It might be argued that human macrophages suffer from an identity crisis, relying on equivalency to laboratory models of human macrophage biology such as exvivo culture of monocyte-derived macrophages, and therefore may not be appropriate as a benchmark for specialized tissue functions. A reference atlas of human myeloid biology that draws on current benchmarks, and that can be added to by the research community would therefore be of enormous value. The potential to model tissue residency, disease phenotypes and activation status of human macrophages using pluripotent stem cells (PSC) is a growing area of interest (Reviewed (Lee et al., 2018; Rajab et al., 2018) ). However, the anatomical context or developmental ontogeny of these cells is still not well understood, nor their capacity to model specialized behaviors of myeloid cells including roles within a tissue niche. To address these questions, we undertook an integrated myeloid atlas to identify and benchmark human myeloid subpopulations from ex vivo, in vivo and in vitro sources. The atlas is made available as an interactive online resource in the www.stemformatics.org platform.
A reference atlas for human myeloid biology.
We first compiled a reference transcriptional atlas ( Figure 1A ) from public and proprietary transcriptomic data from 44 studies and >900 samples representing peripheral blood monocytes, tissue-resident, ex vivo and in vitro-derived macrophages and dendritic cells. Samples included were selected from datasets processed through the Stemformatics pipeline which had passed the stringent set of quality control requirements for hosting on the Stemformatics.org portal (Choi et al., 2019a) . We constructed a PCA by implementing a twostep process. Firstly, transformation of expression values from the original studies to percentile values to facilitate the comparison of microarray and sequencing experiments. Secondly, using a univariate estimation of their platform dependence, genes whose expression values had low contribution from the way they were measured were included. This approach led to reproducible clustering of distinct myeloid classes, regardless of the platform that they were measured on ( Figure 1B and Supplementary Figure 1 ). Variables such as progenitor source (HSC, monocytederived, or iPSC-derived), culture status or activating condition contributed to clustering of samples. Myeloid subsets including dendritic cells, monocytes and neutrophils were validated by projecting RNAseq data independently-derived from Haemopedia (Choi et al., 2019b) onto the atlas ( Figure 1C ).
Monocytes acquire a 'Culture-Phenotype'
Monocytes are post-mitotic blood cells derived from bone marrow progenitors that are short lived in circulation and can give rise to some tissue macrophages. The largest population of circulating monocytes is marked by high levels of expression of the LPS co-receptor CD14. Intermediate and nonclassical subsets are marked by acquisition of the type III FcR , CD16 (Schmidl et al., 2014) . Monocytes begin to roll along blood vessels in response to chemokines such as CCL2, before diapedesis into tissues. Cultured monocytes have been previously described as 'activated', but while we observe a distinct culture phenotype, the transcriptome of cultured cells mimics many of the features (Figure 2A ) of a monocyte after extravasation into tissue. Figure 2B shows the grouping of peripheral blood monocytes, in a distinct cluster to monocytes that have been exposed to tissue culture plastic and culture media. This culture phenotype is typified here by a decrease in endothelial-adhesion proteins including selectin SELL ( Figure 2C ). Regulators of RAS/RAF signaling including SPRED2 (Wakioka et al., 2001) have an elevated expression in cultured monocytes ( Figure 2D ), consistent with spreading and migration across tissue culture plastics.
The culture phenotype acquired by monocytes appears to be a prelude to activation, which can be observed along an adjacent axis in Figure 2E and is exemplified by the expression of IL6. Cultured monocytes express higher levels of CCL20 and CCL2 than peripheral monocytes ( Figure 2F ). Culture induces the expression of SLAMF1 ( Supplementary Table 1 ), which has shown to be necessary for TLR4 activation in human macrophages (Yurchenko et al., 2018) . Cultured monocytes also express higher levels of ITGB8 than circulating monocytes ( Supplementary Table 1 ), which is necessary for activating latent TGF-β (Kelly et al., 2018) . Furthermore, pathogen-activated phenotypes of cultured monocytes or monocyte-derived macrophages are typified by high expression of cytokines.
Primary tissue-resident cells
Circulating and tissue resident dendritic cells occupied a distinct transcriptional niche but share the activation axis seen in monocytes and macrophages. In vitro differentiated dendritic cells, expanded from cord blood isolated hematopoietic progenitor cells and monocytes, are considerably removed from the in vivo cells ( Figure 3A) , including down-regulation of receptors such as CX3CR1, IL18R1 and TLR7 ( Figure 3B and Supplementary Table 4 ). Other molecules, such as the cel-fusion protein DC-STAMP are gained in culture ( Figure 3C and Supplementary  Table 4 ). So, while providing useful models of myeloid biology, cultured or progenitor-derived dendritic cells don't adequately capture key aspects of in vivo myeloid biology.
Tissue resident macrophages, including Kupffer cells, microglia, alveolar macrophages, gut and synovial macrophages occupy a broad niche on the atlas between dendritic cells, peripheral blood monocytes, and cultured monocytes ( Figure 3D ). The classical laboratory model of human macrophage biology requires in vitro differentiation of monocytes using several days exposure to growth factors such as macrophage-colony stimulating factor (M-CSF; CSF-1) or granulocyte-macrophage colony-stimulating factor (GM-CSF). These group distinctly from the cultured monocyte cluster, spreading further upwards along the culture axis.
Isolation of primary tissue-resident macrophages is particularly difficult as this can result in alterations in phenotype (Gosselin et al., 2017) . The difficulty of isolating tissue-resident populations from healthy human tissue is evident from the spread of tissue resident macrophages in comparison to tissue-resident dendritic cells ( Figure 3D ), noting that several of the macrophage datasets were obtained through surgical biopsies from patients with inflammatory disease, and indeed mapped across the inflammatory axis. Primary microglia included in the iMAC atlas include both in vivo isolated fetal and cultured ex vivo fetal and adult microglia ( Supplementary Figure 2A ). The profiles of in vivo isolated fetal microglia cluster apart from the spread of ex vivo cultured adult and fetal microglia. Cultured tissue macrophages including cultured primary microglia or Kupffer cells shared a broad transcriptional signature with monocyte-derived macrophages, and pluripotent-stem cell derived myeloid cells. We also observed some tissue partitioning of macrophages, with alveolar macrophages sitting closely with cultured monocytes. Colon-derived macrophages grouped together with ascites-infiltrate, as well as tumour-associated macrophages (TAM) ( Figure 3D and Supplementary Figure 2A ) which sat between cultured monocytes and CD1c+ dendritic cells.
PSC-derived specialised macrophages
Macrophages derived from human PSCs offer new opportunities to model in vivo macrophage biology. When reviewing the studies contributing to this atlas, we noted that PSC-derived macrophages are typically benchmarked against monocyte-derived macrophages, or cultured primary cells, using a suite of phenotyping techniques. Each experiment includes a small number of samples for transcriptional profiling, with a few notable exceptions (Alasoo et al., 2018) . We argue that, given the spectrum of possible resident tissue macrophage phenotypes, it would be more useful to compare PSC-derived cells against an atlas of possible macrophage phenotypes. Whilst several groups reuse publicly available tissue macrophage data, the opportunity to carry out large-scale comparisons to different primary myeloid cells has been limited by the availability of relevant data on a compatible platform.
Microglia represent just over a third of PSC-directed myeloid differentiation studies in the atlas. These do not resolve into a unique cluster but share transcriptional phenotypes with PSCderived and tissue-resident macrophages, which sit deep in the broad culture axis associated with the expression of lipid-scavenging genes required for efferocytosis. The exception are 'cytokine-matured' PSC-derived microglia samples from (Abud et al., 2017) . These are closest to the in vivo fetal microglia samples of the PSC-microglia, but are also closely associated with other primary tissue resident macrophages from lung, joint and gut. The atlas does provide an opportunity to review the expression of markers thought to distinguish microglia from other primary macrophages. TMEM119, for example, is largely restricted to primary or PSC-derived microglia, although the (Abud et al., 2017) samples have low expression of this marker (Supplementary Figure 2B ). P2RY12 is variably expressed across all microglial samples, but its expression is also evident in different tissue-resident samples including those derived from gut and synovial tissues ( Figure 3D ).
Dendritic cells and macrophages are known professional antigen-presenting cells. The initiation of adaptive immune responses requires presentation of antigen through major histocompatibility complex I or II. The majority of in vitro-derived macrophages have low expression of HLA relevant genes ( Supplementary Table 2 ) including CIITA, a known master regulator of MHCII gene expression, which suggests poor maturation in regard to their antigen presentation. Nevertheless, some in vitro-derived macrophages cultured with stimulating factors (Supplementary Figure 2C ) do show inducible CIITA expression, demonstrating that they have the capacity to express antigen-presenting machinery. It is also worth noting that there are in vitro-derived macrophages, and microglia, (Abud et al., 2017; Honda-Ozaki et al., 2018) that do appear to have high CIITA expression without stimulating factors (Supplementary Figure 2C ). For microglia samples (Abud et al., 2017) , this may be an impact of long term culture conditions in addition to supplementation of CX3CL1 and CD200, the latter confirming the authors' observations. In regards to macrophage samples (Honda-Ozaki et al., 2018) , this may be an impact of immortalization of progenitor cells.
PSC-derived macrophages and microglia display transcriptional hallmarks of efferocytosis and collagen production
There has been growing interest in the importance of metabolic reprogramming in macrophage responses, so we asked whether media supplementation could explain the spread of PSCderived macrophages on the iMAC atlas. All PSC-derivation protocols supplement media with fatty-or amino-acids, including L-Glutamine, non-essential amino acids (NEAA), Linoleic and Linolenic acids. Some methods add fetal bovine or calf serum, but there was no obvious correlation between serum addition and without. Overall, factors are so ubiquitously used that supplementation alone could not explain the differences between PSC and cultured primary macrophages. Rajab et al. 6 Lipid homeostasis is an important role for resident tissue macrophages. A high proportion of genes differentially expressed between in vitro-derived macrophages/microglia/kupffer cells and tissue resident cells are involved in lipid transport, catabolism and in buffering the cells from concomitant stresses associated with lipid turn-over. For example, reduced expression of ABCA6 is consistent with high efflux of cholesterol from these macrophages (Supplementary Figure 3A ). Higher levels of mitochondrial acyl-CoA dehydrogenase ACADM (Supplementary Figure 3B ) and phosphatidate phosphatase LPIN3 (Supplementary Figure 3C) suggests high lipid turnover.
Efferocytosis, or apoptotic cell clearance, has broad immunomodulatory effects (Reviewed by (Elliott et al., 2017) ) and active engulfment and clearance of cells by PSC-macrophages is clearly observed in the absence of any inflammatory activation (Supplementary Video). Efferocytosis modulates macrophages from a pro-inflammatory phenotype to one with resolving qualities (Yamaguchi et al., 2014) , consistent with the patterns of gene expression observed in cultured macrophages. A recent study by (Cao et al., 2019) demonstrated higher lipid uptake in PSC-macrophages compared to peripheral blood monocyte-derived macrophages, concordant with higher expression of efferocytosis-related genes including S1PR1 and MERTK. We confirm that MERTK is generally highly expressed in PSC-derived macrophages, but that there is also a tissue-resident distribution of MERTK expression, with very low levels observed in primary alveolar macrophages, and highest levels observed in human fetal microglia ( Supplementary  Figure 2) . Tissue-resident macrophages are known first-responders to tissue damage and are key in orchestrating inflammation and its subsequent resolution. This appears to be a phenotype that is selected for in cultured macrophages and may be an inevitable consequence of derivation that strives for high cell yield.
Collagen production and deposition alongside extracellular matrix remodeling are processes involved in wound healing and scarring. Macrophages are instrumental in instructing tissue repair, particularly through the production of growth factors such as TGF-β, IGF1 and PDGF (Shook et al., 2018) . Secreted growth factors drive fibroblasts and endothelial cells to produce extracellular matrix components, promoting keloid formation as well as angiogenesis. This model has macrophages influencing collagen deposition by neighboring stromal cells, however, gene-set enrichment analysis of the genes that are most correlated with in vitro-derived macrophages moving away ( Figure 4A ) from the tissue resident populations revealed that the most significant pathways in these cells involved collagen synthesis and production (Table 1) . A STRING protein-protein interaction network ( Figure 4B ) shows that this phenotype is significantly enriched for highly connected matrix remodeling, collagen deposition and cadherinmediated cell-cell and cell-matrix interactions. It is somewhat surprising to see high levels of extracellular matrix expressed by macrophages. This either suggests that in vitro-derived cells are incompletely patterned to macrophages, adopting a hybrid cell type that shares features with other fibroblastic cell types, or properly patterned but can be transformed into collagenproducing cells in culture. Although ex vivo cells were not included in this analysis, culture impact on collagen production can be observed in ex vivo microglia ( Figure 4C ).
PSC-derived macrophages do not recapitulate a developmental hematopoietic ontogeny.
Many PSC-derived systems recapitulate fetal, rather than adult phenotypes, so it is no surprise that others have argued that PSC-derivation protocols mimic primitive rather than definitive myeloid biology. This is largely based on discriminating MYB expression in progenitor cells, which is associated with definitive hematopoiesis, and which has high expression in hematopoietic progenitor cells. It is clear that MYB is not required for PSC-derived myelopoiesis as macrophages are derived in MYB-KO embryonic stem cells (Buchrieser et al., 2017) . Nevertheless, MYB is highly and ubiquitously expressed in myeloid progenitors, including common myeloid progenitors and hemogenic endothelium, and is retained at high levels in some PSC-derived microglia ( Figure 4D ).
In comparison to primary cell datasets, PSC-macrophage studies that were overlaid onto the iMAC atlas grouped broadly with cultured monocytes and tissue-resident macrophages. Despite arguments on recapitulation of fetal origin, PSC-macrophages, including PSC-microglia and PSC-Kupffer cells, form an extended group associated with high expression of the human homologue of the F4/80 antigen, ADGRE1, as well as high expression of lipid-scavenging receptors such as SCARB1 (Supplementary Table 2 , 3 and 5). Furthermore, MAF expression is indistinguishable in macrophages of different origin (Supplementary Figure 3D) . Some other phenotypes previously attributed to ontogeny in PSC-derived cells may rather reflect a more general culture context. For example, ADGRE1 (F4/80) expression has been attributed to yolk-sac derived myeloid cells in mouse (Schulz et al., 2012) . While high on PSCderived cells, ADGRE1 is also clearly upregulated in culture. This is exemplified through primary human microglia that have low expression of ADGRE1 in comparison to ex vivo culture or PSCderived cells ( Supplementary Table 5 ).
Concluding Remarks
PSC-Macrophages provides exciting opportunities for modelling tissue residency and specialization. Understanding the key drivers underpinning phenotypic differences between macrophage subsets will help the stem cell field to develop specialized populations such as tissue resident populations from brain, lung or liver.
By benchmarking PSC-macrophages and their precursor cells against the atlas, it is apparent that these represent neither definitive nor primitive myelopoiesis, or rather, that they imperfectly recapitulate aspects of both. PSC-conditions clearly do not mimic the developmental time-frame nor tissue niche of yolk-sac, fetal liver or bone marrow, so perhaps the ontogeny question is less interesting than understanding the molecular networks that can be co-opted to deliver specific phenotypic properties outside of the constraints of development.
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Figure Titles and Legends

Tables with Titles and Legends Table1: Gene-Set Enrichment Analysis
Table of the top 10 Reactome pathways enriched in genes highly correlated with in vitro-derived macrophage spread. Enrichment: number of genes in the list/number of genes in that pathway (False Discovery Rate-value). Genes: multiple entries assigned to the same gene indicated by underlining of gene symbol with UniProt accessions in brackets. , 13
Methods
Mapping, and analysis of microarray and RNA sequencing datasets were conducted in the Stemformatics platform. Scripts are available for download from the Stemformatics BitBucket (Choi et al., 2019a) ). All datasets and relevant samples ( Supplementary Table 6 ) passed stringent quality control checks required for hosting on the stemformatics platform. Quality control checks include evaluation of library quality, and inclusion of replicates associated with experimental design. These datasets were either already hosted on stemformatics, or were downloaded from public depositories and processed through the stemformatics pipeline for inclusion.
Method Details
Platform Effect Analysis and Gene Selection for PCA This method assesses each gene independently for a dependence upon experimental platform. Then genes with low platform dependence compared to biological variation and selected and used to run the PCA.
The problem is similar to the standard batch correction problem, but with an important difference -in this case the effect of batch (experimental platform) is present across multiple datasets, and we can assume it is consistent and measurable across these datasets. This approach is made possible by the large collection of datasets in Stemformatics, which collectively sample the different platforms and cell types. Note, only genes measurable in all the above platforms are used in the analysis, which is approximately 13000 genes.
The initial step is to transform expression values from RNA Sequencing and Microarray onto the same scale. Gene expression for each sample is transformed into percentile values -the highest expression gene is given the value 1.0, while the lowest receives the value 0. Values in between are uniformly spaced according to the rank of the gene's expression. Ties receive the same values.
The second step uses a univariate estimate of gene platform dependence and then selects genes with very little platform dependence. We achieve this by fitting univariate linear model on each gene, with independent variable as platform,
where y is the expression of a single gene across all samples, Xp indicates membership of the platform, with coefficient β p. The variance due to platform is σ p and is calculated as
The total variance, σ ²Total is
and fraction of variance due to platform is
In practice we implement this using the variance partitioning package (Hoffman and Schadt, 2016) with a single fixed effect, platform. This model is a fixed effect analysis of variation (ANOVA). We then filter genes that have a significant percentage of the variance due to platform.
Genes with a f ≤ 0.2 are selected and used to run the PCA (approximately 3600 genes pass this cut). This threshold value is selected by using the Kruskal Wallis H Test to assess the difference in platform medians. The value of 0.2 is found empirically to remove the platform effect from the first three principal components Quantification and Statistical Analysis P-values were re-calculated using the Mann-Whitney-Wilcoxon rank-sum test (two-sided). This is implemented via the python scipy package. Multiple testing over the set of genes is accounted for with Bonferroni correction implemented in the statsmodels package (Seabold and Perktold, 2010) Enrichment analysis and Protein-Protein Network An enrichment analysis was conducted on the top 92 genes ranked by Pearson correlation (≥0.7) along the upward axis including invitro-derived cells. Enriched pathways were identified using these genes at Reactome (Fabregat et al., 2018) and significance ranked by p-value/false discovery rate. A protein-protein network was generated using the top 92 genes on STRING-DB (Szklarczyk et al., 2019) . Disconnected nodes are not shown.
Data and Code Availability
All public accessions are listed in Supplementary Table 6 . All code is available from the Stemformatics bitbucket. 
